Transcription factor 1ID (TFIID), the "TATA binding factor," is thought to play a key role in the regulation of eukaryotic transcriptional initiation. We have studied the role of TFIID in the transcription of the yeast metallothionein gene, which is regulated by the copperdependent activator protein ACEL. Both basal and induced transcription of the metallothionein gene require TFIID and a functional TATA binding site. Crude human and mouse TFIuD fractions, prepared from mammalian cells, respond to stimulation by ACEL. In contrast, human and yeast TFIID proteins expressed from the cloned genes do not respond to ACE1, except in the presence of wheat germ or yeast total cell extracts.
The regulated transcription of eukaryotic coding genes requires both gene-specific factors that recognize specific DNA sequence motifs and general initiation factors that interact with common core promoter elements. The best characterized of the general factors is transcription factor IID (TFIID; also known as BTF1 or DB), which binds to the "TATA box" sequences typically found between positions -60 to -120 for yeast genes and at about position -30 for higher eukaryotic genes (1) (2) (3) (4) (5) . The consensus binding sequence for TFIID is TATAAA/T (2, 6, 7) , but a variety of other sequences are also recognized with various affinities (8) . The binding of TFIID to the TATA sequence is an early step in the formation of an active transcription complex (9, 10) .
Until recently, it was difficult to study the precise role of TFIID in transcriptional regulation because of its low abundance and difficulty of purification. The discovery that the yeast Saccharomyces cerevisae contains an abundant activity that can functionally substitute for mammalian TFIID in the transcription of minimal promoter templates (11) (12) (13) allowed the purification and cloning of a gene encoding a 27-kDa yeast polypeptide that possesses transcriptional complementation and specific TATA-binding activities (14) (15) (16) (17) (18) . This polypeptide is encoded by the SPT15 locus, which is essential for normal yeast cell growth and is known to be involved in transcription by virtue of the suppression of Ty element promoter insertions by certain alleles (15) . The S. cerevisae gene has been used to clone homologous sequences from fission yeast, Neurospora, Drosophila, and humans (19) (20) (21) (22) . The human gene encodes a 37.5-kDa polypeptide that possesses TATA-binding activity and complements a TFIID-depleted human extract for transcription from the adenovirus E1B promoter. The yeast and human proteins are 80% homologous in the carboxyl-terminal 181 amino acids but highly divergent in the amino-terminal region.
We have studied the role of TFIID in the transcription and regulation of the CUPI gene of S. cerevisae. The CUPI gene encodes a small Cu-binding metallothionein that protects cells against Cu toxicity (23) . At low, physiological concentrations of Cu, the CUPI gene is transcribed at a low basal level, whereas at high potentially toxic concentrations of Cu, transcription is strongly induced. (27) . At low Cu concentrations, ACEl is constitutively synthesized but cannot specifically bind DNA because it is unfolded. In the presence of excess Cu, the amino-terminal domain undergoes a conformational switch that allows it to specifically bind to multiple sites in the upstream activation region (UAS) (27) . Once bound to the promoter, ACEl activates transcription by stimulating the formation of a committed transcription complex (28 (27) . For in vitro analyses, the mutagenized promoters were subcloned into p8CAT (28) .
The construction of ATATAA was similar to that of 5'A34CAT (33) except that the inserted oligonucleotide contained a Pst I site in place of the TATA sequence at nucleotides -24 to -29 and that the vector was UASc: mTATA:CAT (28) . TATAA* and TAGGG* were constructed by inserting the appropriate oligonucleotides into the Pst I site of the ATATAA vector. In these latter constructs, the TATAA or TAGGG sequences are 7 base pairs (bp) upstream of the TATAA sequence in the wild-type promoter.
Preparation of Cloned TFIID and ACEl Proteins and Footprinting Reactions. Yeast TFIID was prepared either by SP6 polymerase transcription of pSH227 followed by translation in a reticulocyte lysate (16) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
bacterial TFIID was purified by the method of Buratowski et al. (12) through the Mono S stage. Human TFIID was prepared by bacteriophage T3 RNA polymerase transcription of pKB104 followed by translation in a reticulocyte lysate (19) . ACE1 protein was prepared either by translation in a wheat germ extract (27, 28) or by overproduction in bacteria using a phage T7 vector (D.H. and S. Hu, unpublished data). The bacterial Cu-ACE1 was purified by heparin-Sepharose, CM-Sepharose, and Sephadex G-75 chromatography.
DNase I footprinting reactions (50 ,ul) Contained 20 mM Tris HCI (pH 8.0), 10% (vol/vol) glycerol, 0.01% Nonidet P-40, 1 mM 2-mercaptoethanol, 5 mM MgSO4, 2.5 mM CaC12, 1% polyvinyl alcohol, 20 pg of poly(dG-dC), 5 fmol (10,000 cpm) of end-labeled DNA probe, and an amount of bacterially produced yeast TFIID predetermined to give an optimal footprint over the TATA box. The reaction mixtures were processed as described (8) .
In Vitro Transcription and Preparation of TFYI Fractions. In vitro transcription reactions using a mouse nuclear extract were performed and assayed by primer extension as described (28) . TFIID-depleted extracts were prepared by passing the nuclear extract, adjusted to 475 mM KCI, over a phosphocellulose column and collecting the flow-through fraction. A crude mouse TFIID fraction was obtained by elution of the phosphocellulose column with 800 mM KCl. The factor was further purified and concentrated by heparinSepharose chromatography (34) . A crude human TFIID fraction was similarly prepared from a HeLa cell transcription extract.
Micrococcal nuclease-treated wheat germ extract was purchased from Amersham. Yeast whole-cell extracts were prepared by the method of Hahn and Guarente (35 initiation site at position +1. Fig. lA shows that the -77/ TAGGAA mutant abolished this transcript whereas mutations in the -43 and -31 sequences had no effect. Mutation of the -93 sequence also had no effect (data not shown). Interestingly, the -77/TATAAG mutation had a 2-to 4-fold increased level of transcription, both in this experiment and in assays using TFIID-depleted extract supplemented with either yeast or mouse TFIID (see below). These results show that the CUPI gene requires one specific TATA sequence, located at a typical distance from the initiation site for yeast, for efficient basal and Cu-induced transcription in vivo and in vitro.
The requirement for a TATA sequence was further studied using hybrid promoters containing a functional yeast upstream activation region, UASc, linked to TATA and initiation sequences derived from the mouse metallothionein I gene (28) . TAACTCCTTGTCTTGTATCAATTGCATT&TAATAT The CUPI gene promoter contains four potential TATA sequences between the UAS and the initiation site (bold type). The initiation site in yeast is at position +1 and the UASc region is between positions -145 and -104. Each site was altered to TAGGXX, mobilized into a CUPJ:galK plasmid containing the intact CUPI promoter, and assayed for galK activity in cells grown in the presence or absence of Cu (27) . Mutation of the sequence -77/TATAAA to the nonconsensus sequence -77/TAGGAA greatly diminished transcription from the CUPI promoter. The levels of both Cu-induced and basal expression were reduced by >10-fold (Table 1) . In contrast, mutation of this sequence to TATAAG, which has been shown to be functional in combination with certain UAS elements (36), had no significant effect on expression in vivo. Mutations at the TATA-like sequences at positions -93, -43, and -31 also did not significantly affect expression.
The importance of the -77/TATAAA sequence for CUP! gene transcription was also tested in vitro using a nuclear extract from mouse. We have shown (28) Similar experiments using the UASc-mouse metallothionein I hybrid promoters are shown in Fig. 2B . TFIID, at an appropriate concentration, strongly protected the mouse promoter for =20 bp (positions -36 to -17) centered over the -29/TATAAA sequence. Deletion of the TATAA sequence eliminated the footprint whereas replacement with TATAA* resulted in a somewhat weaker footprint appropriately shifted upstream. The nonfunctional TAGGG* mutant gave no footprint. These results show that TFIID binds to the functional TATA sequences and that there is complete correlation between the TATA sequence requirements for transcription in vivo and in vitro and for TFIID binding activity.
TFIID Requirement for in Vitro Transcription and Regulation by ACEL. To further study the dependence of CUPI gene transcription on the TFIID factor, in vitro transcription reactions were performed using a TFIID-depleted extract and various sources of TFIID. The mouse transcription extract was passed over a phosphocellulose column to separate a 0.475 M KCI fraction containing RNA polymerase II and factors TFIIA, TFIIB, and TFIIE/F from a 0.8 M KCI fraction containing the TFIID factor and other polypeptides (34). Fig. 3A shows an experiment in which the TFIIDdepleted 0.475 M KCI fraction was supplemented with various combinations of the crude TFIID fraction, apoACE1 protein (translated in a wheat germ extract), and Cu. Only in the presence of all three components was efficient transcription observed, and the ratio of transcription with and without ACEl protein was >10-fold. Similar results were obtained using bacterially produced highly purified Cu-ACE1 and the mouse TFIID fraction further purified by heparin-Sepharose chromatography (Fig. 3B, lanes 7 and 8) or a human TFIID fraction from HeLa cells (Fig. 3C, lanes 3 and 4) . Again, efficient transcription was observed only in reaction mixtures containing both TFIID and Cu-ACE1, and the stimulation of transcription obtained with ACEl was >10-fold.
Quite different results were obtained when cloned human or yeast TFIID gene products were used in place of the TFIID fractions from mammalian cells. Fig. 3B shows that the human and yeast factors, translated in a reticulocyte lysate, gave rise to a basal level of transcription that was readily detected compared to reaction mixtures supplemented with a control reticulocyte lysate (lanes 3-6 versus lanes 1 and 2). The basal level of transcription supported by the cloned TFIID proteins was 5-fold higher than that obtained with the concentration of crude mouse TFIID fraction used in this experiment (lane 7); however, since the amount of TFIID polypeptide present in the mouse fraction was not determined and since TFIID was limiting in these reactions (see below), the relative efficiencies for basal transcription cannot be quantitatively compared. The addition of Cu-ACE1 to reaction mixtures containing the cloned TFIID proteins did not affect transcription, even though it strongly stimulated transcription in parallel reactions containing the mouse TFIID fraction (lanes 7 and 8) . This was not due to an ACEl inhibitor in the reticulocyte lysate, since reactions containing the mouse TFIID fraction showed a good response to ACEl in the presence of an equivalent amount of lysate (data not shown). The lack of response of the cloned TFIID proteins to ACEl could in principle be due to a species difference since the cloned proteins were obtained from human or yeast whereas the crude fraction was obtained from mouse. To test this possibility, we compared cloned human TFIID to a human TFIID fraction from HeLa cells. Fig. 3C shows that reaction mixtures containing the human TFIID fraction responded well to ACEl whereas reaction mixtures containing human TFIID synthesized in vitro gave a high basal level of transcription and failed to respond to ACEL.
These results led us to consider the possibility that the cloned TFIID gene products lack a component(s) or modification(s) that is necessary for activation by Cu-ACE1. To restore regulation, we supplemented reaction mixtures containing bacterially produced yeast TFIID with whole cell wheat germ or yeast extracts (Fig. 3D) . In both cases, the extracts strongly reduced the level of basal transcription and partially restored regulation by Cu-ACE1. The levels of Cu-ACE1 stimulation in such reactions were typically 4-to 7-fold, compared to 10-to 50-fold in reaction mixtures containing the crude human or mouse TFIID fractions. The activity in the wheat germ extract appeared to be labile as it was destroyed by a 1-hr incubation at room temperature under translation conditions (data not shown).
A trivial explanation for the above results could be that the cloned TFIID polypeptides were present in excess, thereby eliminating the need for ACEL. In vitro transcription reaction mixtures containing crude human or mouse TFIID fractions showed a strong response to ACEl whereas reaction mixtures containing cloned human and yeast TFIID proteins did not. In addition, the cloned proteins gave higher basal levels of transcription than the crude fractions under the reaction conditions typically used. The lack of responsiveness of the cloned TFIID was not due solely to species differences since this effect was observed using cloned and crude TFIID both derived from human. It was also not due to saturation of the reactions with TFIID, since equivalent results were obtained over a range of factor concentrations. Rather, we propose that the cloned gene products lack a component(s) or modification(s) required for regulated as compared to basal transcription. Three speculations concerning the nature of this "missing link" are shown in Fig. 4 and discussed below.
As shown in Fig. 4A , there could be a "bridge protein(s)" or "coactivator(s)" that is present in the mammalian-cell TFIID fractions but not in the cloned gene products. The function of the "bridge protein" would be to mediate interactions between ACEl and TFIID, whereas a "coactivator" might also contact additional transcription factors. This class of model would explain why transcription reaction mixtures containing the cloned TFIID proteins do not respond to stimulation by ACEL.
As shown in Fig. 4B , there could be an "anti-TFIID protein(s)" whose negative effect on TFIID is alleviated by ACEL. Such a protein could, for example, block the activation function of TFIID in the absence of ACE1, similar to the ability of GAL80 to block GAL4 in the absence of galactose (37) . Alternatively, the protein could specifically or nonspecifically bind to the TATA sequence, thereby restricting access of TFIID to the template unless ACEl is present. This model would explain why the cloned TFIID proteins give higher basal transcription levels than the mammalian cell fractions and why yeast and wheat germ whole cell extracts repress basal transcription and partially restore ACEl regulation.
As shown in Fig. 4C , TFIID might undergo a modification(s) that is necessary for regulation by ACEL. For example, TFIID might undergo a critical phosphorylation or glycosylation that does not occur in bacteria or in the reticulocyte lysate. Alternatively, TFIID might undergo a modification, such as multimerization, which allows it to bind to promoter sites other than the TATA sequence; in this case, the function of ACEl might be to displace or transport TFIID to the functional TATA sequence.
Our results clearly show that TFIID can support basal transcription independently of its ability to respond to ACEL. The availability of pure TFIID and ACEl proteins may facilitate the search for additional TFIID cofactors, subunits, or modifying activities that mediate interaction with this type of acidic activator protein. After this paper was submitted, it was reported that transcriptional activation by the Spl, CTF, and USF factors also requires "coactivator" or "adaptor" proteins and that different cofactors may be involved for different classes of activator protein (38) (39) (40) (41) . It was also shown that a GAL4-VP16 hybrid protein can repress activated transcription from an unrelated UAS sequence, presumably by titrating a positively acting TFIID cofactor as proposed in Fig. 4A (42, 43) . Our results do not rule out the possibility that TFIID can interact with acidic activator proteins directly (44) 
